Abstract-This paper proposes a new phase shedding control method of an interleaved boost converter (IBC) as photovoltaic (PV) pre-regulator. The efficiency improvement of the IBC and the minimization of current overshoot are obtained using a hysteresis control with proposed incremental duty control (IDC) method. The output voltage of the converter is 400V and two-phase boost converters operated at continuous conduction mode (CCM) are used to build the IBC. Experiment results from a 1kW prototype are presented an improvement of the system efficiency in a wide power range.
I. INTRODUCTION
A global interest in renewable energy sources such as photovoltaic (PV), wind, and fuel cell has increased exponentially. Multiphase converters have been the subject of research and development as power rating of the PV system has increased [1] [2] [3] [4] [5] . With the advantages of low input current ripple, electromagnetic emissions and high efficiency at heavy load condition, interleaved converters are preferred for the PV system. However, the efficiency of the interleaved converter is still lower at light load.
Numerous technical papers proposed that efficiency was increased especially at light load conditions based on interleaved converters. Specifically, phase shedding techniques for multiphase converters have been presented in many technical papers [6] [7] [8] [9] [10] [11] [12] . In [6] , a current balancing framework for phase shedding control in a multiphase converter proposed to regulate output voltage and control the inductor currents during the disabling/enabling transitions. In [7] , a phase shedding technique based on an adaptive voltage positioning (AVP) was used to improve transient response. A time-optimal control method based on a minimum time algorithm for minimizing output voltage deviation and transient time is proposed in [8] . The proposed method achieves a fast transient response and output voltage deviation during phase shedding control through feedforward action. In [10] , the proposed scheme deals with the drawback of switching operation during phase shedding transient in interleaved boost power factor correction (PFC) rectifier. This scheme is designed to overcome the malfunction of phase shedding operation due to the extended range of a feedback signal caused by component temperature, tolerance and aging effect. A power loss profile has been used for deciding the number of active phases of multiphase buck converter in [11] . In [12] , the proposed phase shedding technique determines phase shedding point based on a phase configuration selector and a lookup table defined by junction temperature and onresistance of MOSFET.
However, none of these papers have reported phase shedding control methods for PV systems based on an interleaved boost converter (IBC). A seamless transient of the phase shedding control method for the PV system is an important step forward that has not yet been reported in the technical literature.
The objective of this paper is to introduce a phase shedding technique to the PV system based on the IBC. The IBC consists of two identical boost converters and incremental conductance maximum power point tracking (MPPT) is used. By adjusting the number of active phases, the phase shedding technique improves the PV system efficiency especially under the light load conditions. Moreover, the proposed incremental duty control (IDC) minimizes the current overshoot during the phase shedding transient.
The rest of this paper is organized as follows. Section II describes the IBC, phase shedding methods and proposed IDC. The simulation and experimental results from a 1kW IBC for PV system are presented in Section III. Finally, the conclusions and future work are given in Section IV.
II. PV INTERLEAVED BOOST CONVERTER
A grid connected PV system based on an IBC is shown in Fig. 1 . The PV power conditioning system (PCS) consists of two-phase IBC as PV pre-regulator and dc-ac inverter. 
A. Interleaved Boost Converter
The circuit diagram of the IBC converter is shown in Fig.  2 and it consists of two inductors (L 1 , L 2 ), diodes (D 1 , D 2 ) and capacitors (C pv , C o ). The two-phase IBC operates with 180° phase shifted pulse width modulation (PWM) switching signals and the input current ripple can be significantly reduced. Moreover, the interleaved configuration reduces the current rating of components, which is practical and attractive for PV systems.
Based on the parameters of two-phase IBC reported in [13] , voltage conversion ratio of the IBC can be expressed as
where D is the duty ratio of the boost converter.
The inductor value in IBC is determined by
where f s is a switching frequency and I L is a ripple of each inductor current. Generally, I L is about 40% ripple of each inductor current [14] . In the topology, the inductance can be obtained as 625uF. The inductance is selected as 675uF for stable experiment test.
The output capacitance is expressed by
where, Vc is a ripple of output voltage. From (3), 1.95uF is obtained, and a 5-uF 800-V rated metalized polypropylene film capacitors are used for the output capacitor. 
B. Phase shedding technique
At light load condition, the IBC has lower efficiency than that of conventional boost converter [15] . In order to improve the converter efficiency at light load condition, phase shedding method introduced by modifying the number of active phases.
The switching point for phase shedding operation can be obtained by analyzing the efficiencies of IBC at a wide range of load conditions. Based on the switching point, one of the switches in the IBC should be turned off to improve the efficiency under light load condition. Most of previous phase shedding techniques have focused on a fast transient response of phase shedding operation. However, during the phase shedding transient the current overshoot and MPPT control malfunction cannot be avoided.
Among many phase shedding control for stable transient, a hysteresis control (otherwise known as a bang-bang control) is widely used. In hysteresis control, two set-point thresholds are defined to reduce the possibility of an improper switching operation caused by fluctuated reference. The conventional hysteresis control method for phase shedding operation uses output voltage or current as a control reference. However, the proposed phase shedding scheme for PV IBC utilizes the input current. Fig. 3 shows the proposed phase shedding scheme based on hysteresis control for a stable phase shedding operation. By comparing the input current of IBC with two set-points, the hysteresis control block generates an on/off signal. However, the phase shedding operation causes high current overshoot and system unstable. In order to minimize the current overshoot phenomenon due to a rapid transient response of phase shedding operation, an IDC method is proposed.
The principle of the technique is to reduce the size of overshoot current using ramping up or down duty control. During the turning off operation, the duty from MPPT is subtracted until it is zero. The duty increases moderately from zero until it is the same as the duty from the MPPT. By gradually adjusting the duty during the phase shedding operation, the overshoot problem can be resolved and the possibility of phase shedding malfunction can be also reduced. 
III. SIMULATION RESULTS
This section shows the efficiency curve of IBC and effects of the proposed IDC. To demonstrate PV IBC performance and the efficiency improvement compared to CBC, PSIM and MATLAB/Simulink were used. Simulation validation is performed and the system parameters shown in table 1. Incremental conductance method is used as the MPPT algorithm. Fig. 4 illustrates the efficiency graph of CBC, 1-phase IBC and 2-phase IBC. By analyzing this simulation result, 1-ch IBC shows the highest efficiency below 500W load condition, and 2-ch IBC shows the highest efficiency over 500W load condition. As a result, IBC with phase shedding technique is verified to have better efficiency than CBC under the entire load conditions. Therefore, it is clear that the phase shedding technique is significant and essential for the PV system. To obtain the specific efficiency crossover point, the irradiation of PV array decreases linearly from 1000W/m 2 to 100W/m 2 over 0.5s.
From the efficiency graph shown in Fig. 4 , the efficiency crossover point can be obtained and the point is used as a reference for hysteresis control. In the proposed IBC, at 2.4A, one phase of IBC should be deactivated to increase the system efficiency. By hysteresis control, the phase shedding operation gap between upper reference and lower reference is determined to provide stable operation. In this case, the 2.4A and 2.5A input currents are chosen for the estimated turning off and on points respectively. Although the stability of phase shedding operation can be obtained by proposed phase shedding scheme, the overshoot current problem due to fast transient response is shown in the simulation result. The current overshoot in phase shedding transient can be minimized using IDC. Fig. 5 shows controlled duty and input current with only hysteresis control and the duty with IDC. As shown in Fig. 6 (b) , one of inductor currents of IBC is smoothly decreased by IDC. Due to this gradual decrease duty control, the current overshoot during phase shedding is significantly reduced from 14.8% to 2.5% by IDC. L 2 ) . A 100-uF 400-V rated film capacitor is used for C pv and 5-uF, 1000-V film capacitor is chosen for C o . CREE C4D20120A schottky diode is utilized for diodes (D 1 , D 2 ) and IXFK24N100Q3 MOSFETs are chosen for two switches (SW 1 , SW 2 ). The laboratory setup of the PV IBC is shown in Fig. 7 . The maximum power of PV array is gained by MPPT based on incremental conductance method. By changing the irradiation of PV array from zero to maximum, the efficiencies of CBC and IBC obtained. Specifically, the validation of the efficiency improvement of IBC using the phase shedding technique is shown in Fig. 8 . Fig. 9 shows inductor currents of the PV IBC using hysteresis control only during the phase shedding operation and a dip current problem due to rapid transition time. The inductor currents with hysteresis control and IDC are shown in Fig. 10 . Specifically, Fig. 10 shows a performance of the IDC during the phase shedding operation. Two inductor currents are changed moderately while the input current has less interruption.
According to the daily average irradiation based on photovoltaic data of Queensland University, Australia in Fig. 8  (b) , the irradiation is lower than 600W/m 2 for about 8 hours a day. Due to this reason, the phase shedding technique is clearly needed for PV IBC to increase the power conversion efficiency. Based on the irradiation data, improved efficiency of IBC per hour in a day compared to CBC can be calculated as shown in Fig. 9 . As a result, IBC with proposed phase shedding scheme has a 1.2% total efficiency increase. Figure 11 . Average daily efficiency improvement of IBC comparison to CBC and daily average irradiation data of Feburary in 2013 in Queensland University in Australia [16] V. CONCLUSION A phase shedding scheme based on the IDC has been proposed for two-phase IBC as PV pre-regulator. Proposed phase shedding scheme is proved to increase the efficiency of IBC under light load conditions such as low irradiation. Also it is shown that the overshoot current during the phase shedding operation is minimized using IDC method. Simulation and experimental results verified the stable phase shedding operation using hysteresis control and IDC. Consequently, based on these two techniques, a daily improved efficiency gain of IBC when contrasted with CBC is verified.
